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Abstract 
In this paper epitaxial layers of RbTiOPO4 doped with Yb3+ on substrates of RbTiOPO4 have been grown by Liquid Phase 
epitaxy on the (001) plane, which contains the phase matching direction for Type II Second Harmonic Generation for the Yb3+
emission wavelength range. These layers can guide polarized light parallel to the c crystallographic direction. A 5 μm-thickness 
epitaxial layer can guide 3 propagation modes as it has been observed by the dark-mode spectrum. The sample was polished in 
both end-faces to visualize the TM modes of the waveguides.  The near field pattern was recorded by a CCD camera, using a 
green diode laser at a wavelength of 532 nm, coupled into, and out from the waveguide using two microscope objectives. The 
demonstration of good guiding at a wavelength of 532 nm in Yb:Nb:RbTiOPO4 waveguides is one of the important steps to 
obtain Self Frequency Doubling laser waveguides.  
Kewywords: single crystal growth;  epitaxial growth, dielectric waveguides, optical waveguides, planar  waveguide lasers. 
1. Introduction 
The efficiency of nonlinear-optical interactions in planar dielectric waveguides can be enhanced by a 
combination of long interaction length and tight beam confinement usually not produced in bulk crystals [1, 2]. 
There has been a recent increase in compact short-wavelength light sources with the objective to obtain output 
powers in the mW range based on diode lasers for applications in integrated optics [3, 4]. 
The crystals of the KTiOPO4 (KTP) family have large nonlinear-optical susceptibilities and are sufficiently 
birefringent to phase match a variety of interactions in the visible and near infrared spectral ranges [5]. RbTiOPO4
(RTP) belongs to this family of nonlinear-optical crystals and at room temperature, the crystal symmetry of RTP is 
orthorhombic, and also belongs to the non-centrosymmetric space group Pna21. RTP crystals are positive biaxial 
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crystals, with nx < ny < nz, (na < nb < nc) and point symmetry mm2. Due to their non-centrosymmetry and 
nonlinearity, they can be used for frequency doubling of lasers that emit in the IR spectral range [6].   
The doping of the RTP epitaxial layers with laser active ions is interesting for obtaining self-frequency doubling 
(SFD) materials, offering the possibility to obtain compact and efficient laser sources in the visible. The Yb3+
lanthanide ion is of great interest due to its emission at around 1 μm, having a very simple energy level scheme, 
consisting of only two energy levels:  the ground state 2F7/2 and the excited state 2F5/2. The Yb3+ ion has also some 
interesting properties like its low quantum defect, broad absorption bandwidth, broad emission bandwidth and high 
lifetime. 
RTP can incorporate a higher Yb3+ concentration than KTP but it is still too low for laser operation. It has 
recently been shown that the concentration of Yb3+ in RTP can be increased by codoping with Nb5+ [7]. Lasing of 
RTP co-doped with Nb5+ and Yb3+ has been demonstrated [8]. The growth of Yb:Nb:RTP single crystals presents 
some difficulties mainly associated with the low growth rate, the crystal morphology (plate shape) and the tendency 
for cracks to appear [9]. 
To increase the optical paths as well as taking into account the advantages of guiding light, we grew epitaxial 
composites of Yb:Nb:RTP / RTP (001) by the Liquid Phase Epitaxy (LPE) method. The epitaxial layers were grown 
on the (001) crystallographic plane because this plane contains the phase matching direction and when the light is 
propagating through this direction in the appropriate wavelength the Second Harmonic Generation can occur.   
In this paper we describe the main characteristics of the epitaxial layer growth, as well as the ion concentration 
measured by Electron Probe Microanalysis (EPMA) and the calculations of the lattice mismatches form the cell 
parameters refined by X-ray diffraction. In this work we describe the waveguide characterization: refraction indices 
measurements, dark-mode spectrum and calculations of the theoretical thickness required by the sample for 
obtaining a determined number of propagation modes. With the aim to obtain epitaxial layers useful for Self 
Frequency Doubling (SFD) of the fundamental radiation of Yb3+ at 1060 nm, as well as useful for Integrated 
Photonics (IP) in the visible range, we need to study the guiding properties of these epitaxial layers at about 530 nm, 
since this wavelength is half of 1060 nm, so we will show the main results in this direction.                  
2. Experimental 
RbTi1-x-yYbxNbyOPO4 epitaxial layers were grown on (001) RTP substrates.  Single crystals were grown for 
substrates using the Top Seeded Solution Growth (TSSG) method. The solution used to obtain single crystals 
contained WO3 because it helps to low the viscosity of the growth solution. Rb2CO3 (99%), NH4H2PO4 (99%), TiO2
(99.9%) and WO3 (99.9%) were used as starting chemicals. The composition used was Rb2O-P2O5-TiO2-WO3 = 
44.24-18.96-16.8-20 (mol %), which has already been shown by our group [10] to be optimum.   
The substrates were prepared by cutting single crystals in slices perpendicular to the c crystallographic direction 
before they were used. This plane is important because it contains the non-critical phase matching (PM) type-II SHG 
direction.  
The epitaxial layers were grown by the LPE method in a special tubular furnace [11, 12, 13], build with better 
isolation and longer tubular core than the furnaces used for single-crystal growth. In this way we obtained a wide 
zone of uniform temperature so that the temperature gradient in solution was practically zero. The LPE experiments 
were carried out from self-flux solutions and fluxes containing 20 mol % of WO3. The solution compositions were 
Rb2O-P2O5-TiO2-Yb2O3-Nb2O5 = 40.8-27.2-29.76-1.92-0.32 (mol %), in the case of self-flux solutions and Rb2O-
P2O5-TiO2-Yb2O3-Nb2O5-WO3 = 43.82-22.58-12.92-0.27-0.41-20 (mol %) for WO3 containing solutions. Both 
compositions were chosen from the RTP crystallization region determined previously [10]. The supersaturation of 
the solution was produced by decreasing its temperature by 2 and 6 K below the saturation temperature of the 
solution. In both cases, a substrate rotation of 60 rpm was applied.  
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With the aim to investigate the lattice parameters and calculate the lattice mismatch [12], some small RbTi1-x-
yYbxNbyOPO single crystals were obtained on a platinum disk, 1.5 cm in diameter, rotating at 60 rpm by slow 
cooling of the solutions with the same composition than those used for LPE experiments. When nucleation was 
observed on the platinum disk, a cooling program of 0.5 – 1 K/h for 10-25 K was applied to grow the crystals. 
The chemical composition of the samples was determined by EPMA with a CAMECA SX 50 equipment. The 
measurements were performed at 15 nA of beam current and 20 kV of acceleration voltage. The X-ray pattern of the 
sample was compared with that of standard samples, which contains known concentrations of the elements to be 
analyzed. RTP was used as a standard for the determination of Rb, Ti and P. Nb metal was used for determining the 
Nb concentration and YbF3 for Yb measurements. In the measurements an integration time of 10 s for oxygen, 
rubidium, titanium and phosphorus, and for 30 s for measuring ytterbium was applied. 
The lattice parameters of the epitaxial layers and crystals used for substrates were determined by X- ray powder 
diffraction using a Bruker- AXS D8-Discover diffractometer. Cu KĮ radiation was used for these measurements. The 
data were collected in the 2ș range from 5 to 70º, with a step scan of 0.02º and a scan time of 16 s. 
The refractive indices of the crystals and the epitaxial layers were measured at a wavelength of 532 nm by the 
prism-film coupling technique using a METRICON 2010 system. The TE light polarization allowed the nx and ny
refractive indices measurements while the TM light polarization was used to determine the nz refractive index. We 
also used the prism-film coupling system to observe the TM guided modes, supported by our waveguides and 
recording the dark-mode spectrum.   
3. Results and discussion 
To grow bulk single crystals for substrates the crucible was placed into the furnace in a region where the axial 
temperature gradient in the solution was 1.3 K·cm-1 at the first centimeter and 0.8 K·cm-1 at the next 1.5 cm, being 
the bottom hotter than the surface of the solution. The RTP bulk single crystals obtained were generally colorless, 
transparent and free of inclusions and cracks. Their maximum dimensions were 9.2, 26.0 and 21.9 mm along the a, b
and c crystallographic directions, respectively. The crystals were then cut in plates of dimensions 4.2-10.3, 12-19.3 
and 1.5 mm along the a, b and c crystallographic directions, respectively, to be used for substrates. All the substrates 
were cut perpendicular to the c crystallographic direction to obtain the a-b plane which is interesting for obtaining 
birrefringent phase matching. The plates were polished to optical quality in order to avoid defects into the epitaxial 
growth which could generate scattering centers. 
Generally, the epitaxial layers were grown with high crystalline quality and they were as large as 16 mm. The 
chemical composition of these epitaxies, determined by EPMA, is RbTi0.971Yb0.015Nb0.014OPO4 and 
RbTi0.977Yb0.004Nb0.013W0.006OPO4. The Yb3+ concentration of the first sample is around 1020 atoms·cm3 which may 
be enough for laser demonstration [8]. The second one is around 1019 atoms·cm3, this concentration of active ions 
may not be enough for efficient lasing, though this would need to be checked.   
The small single crystals of RbTi0.971Yb0.015Nb0.014OPO4 and RbTiOPO4 were used to determine the unit cell 
parameters from the X-ray powder diffraction data. The results are shown in table 1. We can see that the presence of 
Yb3+ and Nb5+ in the crystal structure leads to an increase in the lattice parameters. An explanation for the expansion 
of the unit cell is that Yb3+ and Nb5+ have larger ionic radii than Ti4+ [14]. The lattice mismatch between the layer 
and the substrate is important for the quality of the layer/substrate interface. High mismatches produce stress at the 
interface and favors the formation of defects. Taking into account the difference in the unit cell parameters between 
RbTi0.971Yb0.015Nb0.014OPO4 and RbTiOPO4, we calculate the lattice mismatch from the expression  
)(/))()((100)( substratehklSsubstrateSlayerhklShklf u 
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where Shkl (layer) and Shkl (substrate) are the areas obtained from the (hkl) periodicity vectors of the layer and the 
substrate, respectively. According this formula the lattice mismatch is 0.473 which is relatively low compared to 
those we obtained for other materials [12].   
Table 1. Unit cell parameters
Stoichiometric 
Formula 
a (Å) b (Å) c (Å) 
RbTiOPO4 12.9650(5) 6.5007(3) 10.5576(4) 
RbTi0.971Yb0.015Nb0.011OPO4 12.9933(2) 6.5150(6) 10.5852(8) 
 The refractive indices of the epitaxy as well as those of the substrate were measured using the total internal 
reflection law coupling the light with a prism (Metricon prism coupler equipment) for a wavelength of 532 nm. 
Table 2 shows the refractive indices measured for x, y and z optical directions of the epilayer in transverse electric 
(TE) and transverse magnetic (TM) polarization. The substrate/epilayer contrast of refractive indices with light 
polarization in z direction was ǻnz ~ 0.006 for both samples. This contrast was large enough for guiding the light in 
TM polarization.    
Table 2. Refractive indices of the epitaxial layers and the substrates
We calculated theoretically the thickness required to the sample to obtain 3 propagation modes, with TM 
polarization, and oscillating along the c crystallographic direction. The epitaxial thickness, d, versus the effective 
index, neff, calculations are shown in Figure 1 (left). As can be seen in the figure, an epitaxial layer with 5 μm of 
thickness can support 3 propagation modes. So, the sample was polished to a thickness 5 μm, and then the TM dark-
mode spectrum was realized recorded. The TM dark-mode spectrum is shown in Figure 1 (right), where we can see 
the propagation modes of order 0, 1 and 2. 
Figure 1.  (Left) Epitaxial thickness versus the effective refractive index, neff, for ns = 1.889 and and nz = 1.895 at a wavelength of 
532 nm, where ns, nz and neff are substrate, epitaxial layer and effective refractive indices along the c crystallographic direction, 
respectively. (Right) TM dark-mode spectrum of a 5 μm thickness Yb:Nb:RTP epitaxial film using the Metricon prism coupling 
system.
Sample
Stoichiometric  
Formula 
nx ny nz
Layer RbTi0.971Yb0.015Nb0.011OPO4 1.7872 1.8018 1.8956 
Substrate RbTiOPO4 1.7895 1.8015 1.8898 
Layer RbTi0.977Yb0.004Nb0.013W0.006OPO4 1.7885 1.8016 1.8944 
Substrate RbTiOPO4 1.7894 1.8013 1.8884 
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The sample was polished in both end-faces to visualize the TM modes of the RbTi0.971Yb0.015Nb0.014OPO4 / RTP 
(001) waveguides. We recorded the near field pattern by a CCD camera, using a green diode laser at a wavelength of 
532 nm, coupled into, and out from the waveguide using two microscope objectives. The propagation direction 
along the waveguide was parallel to the b crystallographic direction.    
                     
                                                             
   
              
          TM00     TM01        TM02
Figure 2. Propagation modes order 0, 1 and 2 obtained with coupling light of 532 nm at the input and output ends of the 
waveguide with microscope objectives (40x and 60x, respectively). 
Since the contrast of refractive indices in the epitaxial layer grown from WO3 containing solutions was 
practically the same than in samples grown from self-flux solutions, both samples shows 3 propagation modes in 5 
μm of epitaxial layer at 532 nm as it was expected.       
4. Conclusions 
We have successfully grown active epitaxial layers of RTP doped with Nb5+ and Yb3+ with high refractive index 
contrast on RTP substrates. The chemical composition of the epitaxial composites was RbTi0.971Yb0.015Nb0.014OPO4
and RbTi0.977Yb0.004Nb0.013W0.006OPO4 for self-flux and WO3 flux, respectively. The dark-mode spectrum at a 
wavelength of 532 nm was obtained successfully showing 3 propagation modes. The propagation modes were also 
observed by end-face coupling the laser at 532 nm. We believe that RbTi0.971Yb0.015Nb0.014OPO4/RTP epitaxial layer 
has active ion concentration high enough to allow efficient waveguide laser generation.    
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